INTRODUCTION
The research summarized herein was conducted as a part of a larger project that aimed at the establishment of design criteria for swirl-mat polymeric composites, for application in the automotive industry. Additional tasks performedunder the project are reported in companion articles presented in this conference.
We refer the reader to those articles regarding basic information on the material, its processing, and its potential application in the automotive industry. Sufficeto say that, for the purpose of the present article, the material exhibits an overall scatter of k 10% in properties within a plaque and contains a void content V, =5% The above scatter, which reflects sample-to-sample variability, must be accounted for prior to model development, because it can easiIy mask the effects of stress, temperature, and fluids on the response of the composite. That scatter is to be addressed in the context of design criteria as well.
Preliminary observations were performed to assess the basic features of the material's behavior. These observations utilized various NDE and microscopic techniques, including Cscan, SEM, confocal microscopy, in-situ optical microscopy under loading and unloading, and SPATE. It was concluded that failure progression in the material at hand occurs in the form of a multitude of distributed micro-cracks, that these micro-cracks occur between the individual fibers within the fiber strands' as well as the interfaces between strands and surrounding matrix. In addition, upon unloading, the above micro-cracks may not completely close back to the original configurations due to interfacial asperities, resulting in a permanent deformation.
The above observations indicated that for swirl-mat composites irreversibility due to fracturing should not be attributed to the propagation of dominant cracks. Instead, this phenomenon should be modeled within the fiamework of continuum damage theory.
Preliminary mechanical tests demonstrated the existence of creep under all stress levels, suggesting a response commensurate with viscoelastic behavior. Finally, it was discovered that it was possible to reduce much of the data scatter caused by sample-to-sample variability upon scaling deformations by the distinct initial stiffnesses of the individual coupons.
CREEP RESPONSE
The characterization of creep deformation was achieved by the application of constant stresses (T, for fixed durations t, and their subsequent removals, as sketched in Fig. la 10, 30, 100, 1000, and 10,000 minutes. Replicate tests were performed in most cases. Note, however, that all the foregoing ranges oft,, are much shorter than typical failure times tf. Upon unloading, recovery strains were recorded for time durations t,, with 3t, I t, 1 lot& Typical strain records are sketched in Fig. 1 b, where Ep denotes non-recoverable, permanent strain. The initial stiffness was determined during the loading stage, employing strains recorded at stress levels of 6 and 28 MPa (0.8 and 4 ksi), while "damaged stiffhesses" were determined during unloading, employing strains corresponding to 85% and 15% of 0 , .
It was possible to express the creep compliance D(t) in power-law form, namely D( t) =Do +Dl t resulting in
Note that c,(t) necessitates a data fit that involves two parameters only (D 1 and n), whereas creep incorporated a third parameter Do. It is therefore advantageous to utilize recovery strains to guide data fitting.
The linear expressions (1) and (2) were noted to apply for stresses o < oo < Od = 36 MPa (5.2 ksi). At higher stress levels, strains were no longer directly proportional to stress due to the onset of irreversible damage, and their correlation was amplified by a stress-dependent factor K, = &/Do, where Dd is the inverse of the stiffness evaluated during unloading. It was possible to express K, as follows:
here (.) are the McAuly brackets. Obviously, & quantifies the amount of stress-induced damage in the composite. The strainstress relation (1) is thus modified to read
The parameters in Equations 1 and 3 are 8.4 x lo-" <Do< 11 X lo-" Pa-'
(5.8 x 10-~ < D, < 7.4 x 1 0 -~ psi-1)
with time in minutes. The above ranges for Do, Dl and n reflect the sample-to-sample variability.
It was also noted that the non-linear range (o > ~d )
is associated with non-recoverable permanent strains cp. As may well be expected fiom the increased randomness of the aforementioned interfacial asperities, which are the underlying causes for E~, the records of cp exhibit much larger scatter than all other experimental data. Nevertheless, it was noted that cp correlated reasonably well with the largest strain &,,(t) which corresponded to Eq.(4).
The validity of the above results was verified by performing two-step stress loadings and comparing the resulting strain data with model predictions A typical result is shown in Fig. 3 where the creep response under a step stress ~8 3 MPa (12 h i ) is predicted in the presence and absence of growing damage. 
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CYCLIC LOADING
The deformation of swirl-mat polymeric composites under cyclic loading was investigated by subjecting test coupons to "saw tooth" patterns of stress histories, as sketched in Fig. 4a , and recording the corresponding strains, as shown schematically in Fig. 4b It was noted that lower frequencies, as well as intermittent pauses between sequential loadings, did not affect the response in any noticeable manner [4] . Note that expression ( 5 ) differsfrom Eq. (7), since the latter applies to damage induced by cyclic loading whereas the former pertains to damage growth under sustained loads. Thi s disparity resembles that which occurs in the case of failure driven by a dominant crack, where fracture mechanics applies to growth under sustained loading while the empirical Paris' law may relate the evolution under cyclic loading. Due to the exceedingly higher complexity that occurs in swirl mat composites, where damage develops in the form of a multitude of microcracks, the relationship between sustained and cyclic loading induced failures is more remote than for failure that is driven by a single dominant crack.
The strain due to cyclic load is evaluated by substituting expressions (I), namely D(t) =Do +D,t', and (7) into Eq. (6). Upon accounting for the cyclic time dependence of o(t) in the saw tooth pattern shown in Fig. 5a and performing the integration indicated in Eq. 
TEMPERATURE EFFECTS
The effects of temperature on the def0rmat.m of swh mat polymeric composites were evaluated from short-term creep and recovery data of the kind exhibited in Figs. la and lb. Experiments were conducted at stress levels of 6,=28, 56, 69, and 84 MPa (4, 8, 10, and 12 ksi) and at temperatures T=7S°F, 135"F, 190"F, and 250OF. In all circumstances, load was maintained for a duration to= 30 min. with recovery strains recorded during subsequent periods of 3 t ,I t , I 10 to. At least three replicate tests were performed at each of the above levels of 6, and T.
To separate the effects of stress from those of temperature, the creep and recovery strains of all specimens were recorded at frst under co= 28 Mpa (4 ksi) and at T = 75OF (room temperature), with to=30 minutes, in order to establish their "linear range signatures". Subsequently, the coupons were divided into four groups, denoted by j = 1,2,3,4 with each group subjected to preconditioning stresses of o0= (aoi + 7MPa (lksi)) for a five minute duration, *   where {o,,, oO2, oo3, 0,,}={28, 56, 69, 84 MPa (4, 8, IO, 12 ksi)}. All the latter tests were performed at room temperature.
The reason for the above "stress conditioning7' is that in this manner it was ascertainedthat the stress induced levels of internal damage due to preconditioning, exceeded those that corresponded to 0.j alone in subsequent tests at elevated temperatures.
At this stage, each of the aforementioned groups of specimens were subdivided into four distinct sub-groups, each consisting of at least three coupons, which were tested under stresses of 0.j 0' = I, 2 , 3 , 4 ) at temperatures of 75T, 135°F , 190"F, and 250°F. All stresses were maintained for a duration of 30 min. with subsequent recovery strains recorded until their leveling off with time.
Typical results are shown in Figs. 9, 10, and 11. It turned out that the data shown in Figs. 9-1 1 could be reduced by a format that relates stress and temperature effects on creep in a product form. 
SUMMARY 1
This article presented a methodical approach which, employing an exhaustive experimental program in tandem with basic principles of mechanics and thermodynamics, resulted in the construction of a predictive constitutive model for the mechanical response of swirl-mat polymeric composites.
While transitions to other materials will certainly involve variations in details, the methodology should nevertheless remain valid for composite materials that exhibit similar characteristic features in their thermomechanical response. In this regardit may be of interest to point out the methodology presented herein is currently applied successfully to random-mat, chopped fiber composites.
